PUB22 interacted with the majority of the eight E2s belonging to group VI ( Fig. 1A ). Group VI are prototypical E2s, which are almost exclusively composed of the UBC domain ( Fig. 2A and Fig. S3 ).
Ubiquitination is a prevalent post-translational modification involved in all aspects of cell physiology. It is mediated by an enzymatic cascade and the E2 ubiquitin-conjugating enzymes (UBCs) lie at its heart. Even though E3 ubiquitin ligases determine the specificity of the reaction, E2s catalyze the attachment of ubiquitin and have emerged as key mediators of chain assembly. They are largely responsible for the type of linkage between ubiquitin moieties and thus, the fate endowed onto the modified substrate. However, in vivo E2-E3 pairing remains largely unexplored. We therefore interrogated the interaction selectivity between 37 Arabidopsis E2s and PUB22, a U-box type E3 ubiquitin ligase that is involved in the dampening of immune signaling. We show that whereas the U-box domain, which mediates E2 docking, is able to interact with 18 of 37 tested E2s, the substrate interacting armadillo (ARM) repeats impose a second layer of specificity, allowing the interaction with 11 E2s. In vitro activity assayed by autoubiquitination only partially recapitulated the in vivo selectivity. Moreover, in vivo pairing was modulated during the immune response; pairing with group VI UBC30 was inhibited, whereas interaction with the K63 chainbuilding UBC35 was increased. Functional analysis of ubc35 ubc36 mutants shows that they partially mimic pub22 pub23 pub24 enhanced activation of immune responses. Together, our work provides a framework to interrogate in vivo E2-E3 pairing and reveals a multi-tiered and dynamic E2-E3 network.
To date no physiological E2 ubiquitin-conjugating enzyme-E3 ubiquitin ligase pair has been reported for plants. Most research has focused on E3 ligases because they are the specificity determinants of the ubiquitination process. However, E2s mediate the attachment of ubiquitin mainly onto lysine residues of a substrate, in most cases guided by one of the more than 1400 E3s encoded in the Arabidopsis genome. The surfacing complexity of the different functions carried out by E2s contradicts their early image as simple carriers of activated ubiquitin. They are first loaded with ubiquitin by the ubiquitinactivating enzyme E1 via transthiolation forming a thioester bond with their catalytic cysteine and subsequently are recognized by an E3 ligase. The E2 then discharges ubiquitin onto either the E3, a process commonly used to test E3 activity termed autoubiquitination, or onto a substrate, in which case the E3 acts as an adaptor.
E2s have emerged as key mediators of ubiquitin chain assembly and have been demonstrated to be able to govern the switch from ubiquitin chain initiation to elongation, as well as regulate the processivity of chain formation (1) . Substrates can be modified by attachment of a ubiquitin polymer (polyubiquitination), in which single moieties are linked to one another through one of seven lysine residues present in ubiquitin, or its initial methionine (2) .
Importantly, E2s to a large extent dictate the Lys residue within ubiquitin used to link the moieties in a chain (1) . The resulting different linkage types lead to alternative topologies of the polyubiquitin chains, which in turn are responsible for the different fates endowed onto the modified proteins (2) . These can include the degradation of proteins tagged with Lys 48 -linked ubiquitin chains by the 26S proteasome, or regulate the transit of integral membrane proteins through the endomembrane system.
The Arabidopsis genome encodes 37 ubiquitin E2 enzymes, all of which display a highly conserved cysteine residue at the predicted catalytic site and are classified into 16 groups based on the similarity to each other (3) . Compared with ubiquitin ligases, relatively little is known about the biological processes in which specific E2s participate. However, we recently were able to show intrinsic biochemical activity of 31 E2s in an orthogonal system using synthetic biology (3, 4) , confirming that most of the predicted, but largely unexplored E2s, display activity.
Previous studies spearheaded the analysis of E2-E3 pairing by assaying the ubiquitination activity of E2s in combination with a set of RING E3 ligases employing in vitro autoubiquitination assays (3, 5) . However, whether in vitro autoubiquitination activity faithfully recapitulates all aspects of E2-E3 pairing in vivo remains open. Therefore, data interpretation pertaining to its relevance in vivo must be made with caution for several reasons. (i) The E2s usually employed to perform in vitro ubiquitination assay display high processivity and promiscuity and are therefore active with a wide range of E3 ligases. These include the commonly used UBC8 and UBC11 from group VI, which are homologues of the human UBE2D group of E2s shown to prime ubiquitination (6) , but are unlikely to confer chain-linkage specificity (7) . (ii) Factors that may be required to determine the specificity of an E2-E3 pairing, such as additional interacting proteins or post-translational modifications, are absent. (iii) High concentrations of recombinant proteins employed in these assays can lead to unspecific E2-E3 interactions. (iv) Spatio-temporal resolution that restricts the encounter of E2-E3 pairs within the cell is absent.
Therefore, to fully understand the potentially distinct cellular roles played by any E3, it is of central importance to identify its physiological E2 counterparts, as they define to a large extent its biochemical properties. Here we interrogated the in vivo E2-E3 pairing employing the well-characterized plant U-box protein 22 (PUB22), 3 which contributes to the regulation of immune signaling (8 -12) , as well as drought responses (13) (14) (15) (16) . Mutants of PUB22 and its homologues PUB23 to PUB26, display additive hyper-activation of signaling mediated by plasma membrane-localized pattern recognition receptors (PRRs) that perceive pathogen-derived molecules (10, 16, 17) . These include the bacterial protein flagellin, or its derived peptide flg22, which is recognized by the FLS2 receptor (18) . Similar to animals, plant PRRs activate innate immune responses to fend off pathogens (19) . PUB22 mediates the degradation of components of the exocyst complex, which are required for full activation of PRR signaling, during the immune response (8) .
PUB22 is composed of an N-terminal U-box that mediates E2 pairing and four armadillo (ARM) repeats that interact with its substrates (Fig. 1A) . The U-box is a domain of ϳ70 amino acids present in proteins from yeast to human. It consists of a typical fold stabilized by a network of hydrogen bonds that is structurally similar to RING domains (20) .
Employing cell-based assays we determined in vivo E2-PUB22 pairing and uncover different layers of specificity. The U-box, which provides the docking surface, mediates interaction with a subset of 18 E2s. However, the ARM repeats impose higher specificity allowing interaction with 11 E2s. Of note, activation of the immune response-modulated interaction with E2s from different subgroups known to have distinct catalytic properties. This suggests that PUB22 mediates distinct catalytic activities. The observed pairing specificities in vivo were only partially recapitulated by in vitro autoubiquitination. Our work therefore reveals various factors that regulate E2-E3 pairing, whereas in addition providing a framework for their study.
Results

PUB22-E2 pairing is specified by different layers
To reveal the cellular function of the E3 ligase PUB22 we screened for PUB22-E2 pairs using a cell-based assay employing bimolecular fluorescence complementation (BiFC) that allows the in vivo visualization of protein-protein interactions. We subcloned all 37 E2 genes encoded by the Arabidopsis genome (3) to generate N-terminal HA-cYFP and Myc-nYFP E2 or E3 fusion proteins, respectively.
We first assayed the interaction between the E2s and a truncated PUB22 carrying the U-box only to test the specificity conferred by this domain on its own. The UBC domain of E2s, which mediates pairing, is highly conserved. We therefore anticipated that the U-box of PUB22 would be able to interact with various E2s. Indeed, BiFC was detected for 18 out 37 tested E2s, including UBCs 1, 2, 3, 5, 8, 10, 11, 16, 17, 18, 26, 28, 29, 30, 32, 33, 35 , and 36 ( Fig. 1A , and Figs. S1 and S2). Therefore, the U-box domain on its own conferred only a low degree of specificity.
U-box PUB22-E2 pairs displayed distinct subcellular localizations. Most pairs, including UBC5, UBC8, and UBC36, showed a dual nuclear and cytoplasmic localization ( Fig. 1B and Table S1 ). By contrast, the interaction with UBC26 was localized exclusively in the nucleus and was more pronounced in the nucleolus (Fig. 1B ). UBC32 was shown to localize in the endoplasmic reticulum where it participates in endoplasmic reticulum-associated degradation (21) . Accordingly, the interaction with UBC32 displayed reticulate and perinuclear localization, reminiscent of the endoplasmic reticulum ( Fig. 1B) .
We next tested whether the ARM repeats, which mediate the interaction with substrates, influence the specificity of the PUB22-E2 pairing. The presence of the ARM domains had a dramatic impact on both the localization and the specificity of the PUB22-E2 pairing. Full-length PUB22 interaction was restricted to 10 E2s: UBCs 8, 10, 16, 17, 18, 28, 29, 30, 35 , and 36 (Table S1 , Fig. 1A , and Figs. S1 and S2). In most cases the ARM repeats shifted the subcellular localization of PUB22-E2 pairs from the nucleus and cytoplasm to punctae in the cytoplasm ( Fig. 1C and Table S1 ). This localization is reminiscent of that observed for PUB22 and its cognate substrate Exo70B2 in BiFC (9) . By contrast, interaction with UBC35 or UBC36 was also cytoplasmic ( Fig. 1D ), similar to the subcellular localization detected for the PUB22-MPK3 interaction in BiFC (8) . On the other hand, interactions between full-length PUB22 and UBCs 1, 2, 3, 5, 11, 26, 32, 33, which interacted with the U-box only, were not detected ( Fig. 1A and Table S1 ).
PUB22 is regulated by the activation of PRRs, including FLS2 (8, 9) . We therefore tested whether treatment with flg22 influenced PUB22-E2 pairing. Elicitation with flg22 induced the interaction of the full-length PUB22 with UBC26, which was detected in the nucleus and nucleolus (Fig. 1C ). However, in all other cases no major effects could be observed.
Finally, we tested the specificity of PUB22-E2 pairing by including the W40A PUB22 point mutant variant, which is impaired in its autoubiquitination activity (4, 10) . Without exception, interaction of all PUB22-interacting E2s with the W40A mutant variant was inhibited ( Fig. 1D and Table S1 ). This additionally confirms that the PUB22-E2 pairing occurs via the canonical U-box and UBC surfaces (22) .
Together, we identified 11 PUB22-interacting E2s and we show that both U-box, as well as the ARM repeats, contribute to the pairing specificity. Moreover, the data revealed that activation of the immune response can induce interaction between PUB22 and UBC26. niques such as co-immunoprecipitations are unsuitable to confirm the interaction. We therefore opted to use a split luciferase complementation assay (SLCA), which allows the detection of weak interactions, and in contrast to BiFC in which complementation is irreversible, maintains association-dissociation dynamics (24) . Moreover, normalization of the transformation efficiency was performed via Renilla luciferase (Luc) harbored in the vector containing the UBCs by dual-luciferase detection.
We validated the specificity of the interaction detected via SLCA by using two different variants of PUB22 carrying point mutations to alanine in the U-box known to interfere with autoubiquitination (10) . Trp 40 is predicted to be located on an ␣-helix distant from the E2 docking surface and not to be required to maintain the core structure of the U-box (25) . Cys 13 is located on one of the two loops that make contact with the E2 (22) . When compared with the WT PUB22, the W40A variant was still able to partially interact, whereas the C13A mutation abrogated the interactions with UBC30 as well as UBC10 and UBC11 (Fig. S4 ). These results show the high sensitivity and specificity of the SLCA to investigate E2-E3 interactions.
Analysis of PUB22 and group VI E2 pairing by SLCA confirmed that PUB22 interacted with UBC8, UBC10, UBC11, UBC28, UBC29, and UBC30 ( Fig. 2B and Fig. S5 ). Signal intensities for PUB22 interactions with UBC9 and UBC12, which 
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were not detected by BiFC, were also significantly weaker in SLCA. Hence, we were able to confirm our initial results and show in vivo specificity in the interaction of PUB22 and group VI E2s.
Previous reports show that the U-box domain binds with higher affinity to the loaded E2 (26) , which can be mediated by binding of the E2 and the loaded ubiquitin to the RING domain (27, 28) . To investigate a possible effect of ubiquitin in binding of the E2 with the U-box of PUB22 we replaced the catalytic cysteine residue at position 85 of UBC30 with alanine, which impairs ubiquitin loading, or a lysine, which is able to receive ubiquitin by forming an isopeptide bond (27) . Compared with the WT UBC30, the inactive C85A variant displayed reduced, whereas the C85K variant displayed enhanced, Luc activity ( Fig.  S6 ). This suggests that ubiquitin loading may enhance UBC30 binding to PUB22 U-box.
To test whether interaction specificity is maintained in vitro, we carried out autoubiquitination assays. In contrast to the differences observed between the interactions in vivo, ubiquitin chain formation activities of PUB22 in combination with group VI E2s did not show any major changes under the used conditions ( Fig. 2C ). Nevertheless, in all instances ubiquitination was inhibited in the case of the W40A mutant, indicating that interaction with the E3 was required for activity ( Fig. 2C ). However, detailed time course analyses of PUB22 autoubiquitination revealed differences in the processivity between the in vivo noninteracting UBC9 and the in vivo interacting UBC30 (Fig. 2D ).
E2s are activated by PUB22 but do not always mediate autoubiquitination
We next selected representative E2s that were identified in the BiFC screen and compared the interaction using SLCA. Selected E2s included UBC17 (group VII), UBC26 (group XI), UBC28 (group VI), UBC30 (group VI), and UBC35 (group XV). In addition, we included as negative controls UBC9 and UBC12 (group VI), which did not interact with PUB22 in BiFC, as well as UBC1 (group III) and UBC5 (group IV), which interacted in BiFC only with PUB22 U-box, but not the full-length protein. Furthermore, we also included constitutive photomorphogenic 10 (COP10), a repressor of photomorphogenesis (29) . COP10 is a UBC variant that lacks the catalytic cysteine residue but is able to enhance E2 activity (30, 31) . SLCA confirmed the pairing between PUB22 and E2s that had been identified by BiFC, as well as COP10. By contrast, noninteracting PUB22-E2 pairs displayed low Luc activity, suggesting that they do not interact in vivo with PUB22 ( Fig. 3A and Fig. S7A ).
In vitro autoubiquitination assays showed that UBC1, which did not interact with PUB22, was unable to mediate ubiquitination in vitro under conditions that resulted in strong UBC30mediated autoubiquitination of PUB22 ( Fig. 3B ). UBC5 did not display any intrinsic activity in the control reaction without the E3. However, the presence of PUB22 resulted in the formation of free ubiquitin chains, but not autoubiquitination of PUB22. This effect was also observed with the W40A variant, which abrogates group VI E2-dependent activity of PUB22 (Fig. 3B ). This may suggest that the W40A mutation still allows interaction of PUB22 with UBC5 and therefore, a distinct mode of interaction than with group VI E2s.
Despite interacting with PUB22 in vivo, UBC17 did not mediate in vitro autoubiquitination under the used conditions. However, the presence of PUB22 enhanced the ubiquitinbound form of UBC17 after 1 h in support of interaction taking place in vitro (Fig. 3C ). Overnight incubation resulted in similar levels of ubiquitin-bound forms due to the inherent reactivity of UBC17 in the presence of the W40A variant ( Fig. 3C ).
Finally, we assayed the activity of UBC35, which is the homologue of the yeast UBC13 (32) and the human UBE2N that mediates the formation of K63-linked chains (32) (33) (34) . Similar to its homologues, UBC35 requires a ubiquitin-conjugating enzyme variant (Uev) as a cofactor for activity (34) . In the presence of Uev1D, UBC35 generated free ubiquitin chains ( Fig.  3D ), as previously reported (34) . However, in the presence of PUB22, UBC35 activity was stimulated resulting in the increased generation of high molecular chains ( Fig. 3D ).
Varying pairing specificities between different types of ubiquitin ligases
We next interrogated the pairing specificities between the selection of E2s and additional E3s. For this purpose, we included the closely related PUB20 and PUB24, which are also composed of an N-terminal U-box and a four ARM repeats domain (Fig. 4, A and B) . PUB24 also contributes to the dampening of the immune response (10), whereas the function of PUB20 remains unknown.
Similar to PUB22, its homologues PUB20 and PUB24 displayed strong Luc complementation with UBC35 ( Fig. 4, A and  B, and Fig. S8, A and B ), suggesting this group of PUBs is able to mediate K63-linked polyubiquitination. Interaction between PUB20 and COP10 or UBC35 resulted in comparably high Luc signals ( Fig. 4A and Fig. S8 ). Similar high signal levels were also observed for the pairing of PUB24 with UBC28, UBC35, and UBC17 (Fig. 4B) . In contrast to PUB22 (Fig. 3A) , PUB20 only displayed a weak signal with the tested group VI E2s UBC9, UBC12, UBC28, and UBC30 (Fig. 4A ).
We additionally tested PUB4, implicated in the regulation of cell division, cytokinin signaling, and chloroplast homeostasis (35) (36) (37) (38) , as well as PUB13, which regulates the levels of various receptor kinases, and plays a role in hormone signaling (39 -43) . Both PUB4 and PUB13 contain an additional U-box N-terminal domain (UND) of unknown function and 5 to 6 predicted ARM repeats. Both PUB4 and PUB13 showed low Luc complementation with group VI E2s (Fig. 4, C and D, and Fig. S8, C and  D) . PUB4, however, showed the strongest Luc signal in combination with UBC35, UBC17, and COP10 ( Fig. 4C and Fig. S8C) . In contrast to most tested PUBs, the strongest Luc signal for PUB13 was observed in the presence of UBC5 and the lowest with UBC35, suggesting that PUB13 represents a special case, when compared with the tested E3s ( Fig. 4D and Fig. S8 ).
We also included the RING-type E3 MIEL1, which was shown to target Myb transcription factors to modulate ABA signaling and the immune response (44, 45) . In contrast to all other E3s, MIEL1 showed a strong Luc complementation with UBC12, which did not interact with any of the tested PUB E3s and additionally interacted with UBC17 and COP10 ( Fig. 4E  and Fig. S8 ).
Finally, we analyzed E2 pairing with the bacterial effector AvrPtoB, which is a structural mimic of the eukaryotic U-box (46) . AvrPtoB was shown to inhibit immune signaling by targeting both receptor kinases (47, 48) as well as cytosolic kinases involved in the immune response (49, 50) . AvrPtoB showed a comparably low Luc signal with all tested E2, except for UBC17 ( Fig. 4F and Fig. S8F ). Together, the tested E3s show distinct predilections for E2 potentially reflecting differences in chainbuilding activities.
E2-E3 pairing is modulated during the immune response
It remains unknown whether E2-E3 pairing is regulated in response to specific cellular cues. Our BiFC analysis already suggested that interaction between PUB22 and UBC26 is induced by treatment with the immunogenic peptide flg22 (Fig.  1C and Table S1 ). Indeed, SLCA confirmed that activation of the immune response by flg22 resulted in enhanced interaction ( Fig. 5A and Fig. S7B ). We also tested whether interactions with UBC35 (group XV) and UBC30 (group VI) were affected. As observed for UBC26, interaction with UBC35 was dramatically increased after immunostimulation in a dose-dependent manner ( Fig. 5B and Fig. S7C ). By contrast, association of the group VI UBC30 to PUB22 was decreased ( Fig. 5C and Fig. S7C ).
These results show that beyond a static interaction specificity, changes in the cellular status can modulate the pairing between PUB22 and various E2s.
UBC35 and UBC36 participate in the immune response
PUB22 is involved in the regulation of immune responses (8 -12) . Of note, the pairing between PUB22 and UBC35 increased upon immunostimulation (Fig. 5B ). In addition, the closely related PUB20 and PUB24 also interacted with UBC35 ( Fig. 4, A and B) . We therefore hypothesized that UBC35, and its close homologue UBC36, may mediate the activity of PUB22, as well as that of its homologues, to dampen immune responses.
We first tested responses related to FLS2 activation. The triggering of immune responses results in a trade-off in growth, which is proportional to the intensity of the response. Growth inhibition of the main root by flg22 in the ubc35 ubc36 double mutant (51) was significantly higher, compared with Col-0 WT, but comparable with the pub22 pub23 pub24 triple mutant (9, 10) ( Fig. 6, A and B) . We also assayed the production of reactive oxygen species (ROS), which is an early reaction triggered by activation of immune receptors and reflects downstream signaling. Indeed, ubc35 ubc36 displayed a delayed down-regula- 
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tion of ROS production, resulting in higher total levels (Fig. 6 , C and D) reminiscent of the pub22 pub23 pub24 response (10) .
We additionally tested the role of UBC35 and UBC36 in the resistance against pathogens by inoculating plants with the virulent Pseudomonas syringae pv tomato (Pst). Surprisingly, ubc35 ubc36 plants were more susceptible to Pst compared with Col-0 WT plants (Fig. 6, E and F) . By contrast, the pub22 pub23 pub24 mutant was more resistant in agreement with previous results (10) . This indicates that although ubc35 ubc36 PRR-mediated signaling is increased, they are unable to mount effective defense responses.
Discussion
E2s are responsible for the catalysis of ubiquitin attachment and to a large extent the type of ubiquitination. As such, it is necessary to determine the E2s that pair with a specific E3 to elucidate the biochemical function(s) mediated by the E3. Using two complementary cell-based assays we identified phys- Figure 6 . UBC35 and UBC36 participate in immunity. A, root growth inhibition in Col-0 WT, pub22 pub23 pub24, and ubc35 ubc36 seedlings 6 days after transplanting (dat) onto media containing 1 M flg22. B, length of the main root of seedlings in A. Data shown as mean of three independent experiments Ϯ S.D., n Ն 38. Statistically significant differences indicated by different letters were determined by one-way ANOVA and Tukey post hoc test (p Ͻ 0.05). C, total production of ROS during 60 min after treatment with 100 nM flg22. Data are shown as median Ϯ S.D. Statistical significance compared with Col-0 plants is indicated with asterisks (Student's t test, **, p Ͻ 0.01). ROS production was evaluated in three independent experiments with similar results. D, oxidative burst generated during 1 h post-treatment with 100 nM flg22. Data are shown as mean Ϯ S.D., n ϭ 9. ROS production was evaluated in three independent experiments with similar results. E, infection assays with the virulent bacterial pathogen Pst DC3000. Col-0, pub22 pub23 pub24, and ubc35 ubc36 plants were spray-inoculated with a bacterial suspension of 5 ϫ 10 8 colony forming units/ml. Infection and bacterial growth were assessed at 3 days after inoculation (dai). Data shown as median Ϯ S.D., n ϭ 6. Similar results were obtained in four independent experiments. F, representative Col-0, pub22 pub23 pub24, and ubc35 ubc36 seedlings 3 days after inoculation with the virulent bacterial pathogen Pst DC3000.
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iological PUB22-E2 pairs. We reveal that the full-length protein displays increased selectivity compared with the U-box on its own. This indicates that the U-box is not the sole determinant of E2-E3 pairing and that adjoining domains, such as the ARM repeats in the case of PUB22, are able to impose a second layer of specificity, in addition to mediating substrate recognition. Neighboring domains may restrict E2 interaction by sequestering PUB22 to its determined subcellular localization. Indeed, localization of the BiFC signal was distinct between the U-box only and the full-length PUB22 (Fig. 1, B and C) . However, many of the E2s that interacted only with the truncated form were cytoplasmic and should in principle have access to the U-box domain of the full-length protein. It is conceivable that the ARM repeats, and/or their interacting proteins, including substrates, prevent the binding to some E2s by steric hindrance. In fact, most E2s that exclusively interacted with the U-box contain extended C-terminal tails in their amino acid sequence (Fig. S3 ).
All E2s characterized so far recognize E3s through the L1 and L2 loops, as well as the N-terminal ␣-helix 1 on the E2 surface ( Fig. 2A and Fig. S3 ) (1) . Slight sequence variations in these motifs contribute to the specificity of E3 binding. The SPA motif in loop 2 was shown to be required for binding of E2s to the U-box type E3 CHIP (53) . PUB22-interacting E2s from groups VI, VII, XI, and XV, contain the SPA motif (Fig. S3 ). However, E2s that were unable to interact with PUB22 (e.g. UBC9 and UBC12; Fig. 1A ) also contained the motif (Fig. S3 ), suggesting that this feature is not critical for specificity, but generally required for interaction.
Within group VI, PUB22 interacted with the majority of E2s in vivo, except UBC9 and UBC12. The overall sequence conservation of the E2s belonging to group VI is very high, especially within the surfaces responsible for the interaction with the E3. The main difference in UBC9 is a 30-amino acid extension at its N terminus (Fig. S3 ). In the case of UBC12 the only striking feature is the replacement at position 16 of a conserved aspartic acid present in members of group VI by a histidine (3) .
Of note, the PUB22-E2 pairing specificity observed in vivo was only partially reflected by the in vitro autoubiquitination activity (Fig. 2, B and C) . Analyses of end point ubiquitination failed to identify relevant differences in processivity between group VI E2s, which are commonly used for their high activity and promiscuity. However, a time course analysis revealed that indeed the PUB22-interacting UBC30 displayed higher processivity when compared with UBC9 ( Fig. 2D) , which did not interact in vivo (Fig. 2B ). Whether the distinct pairing preferences displayed by PUB22 in vivo between UBC9 and UBC30 (Fig. 2B) are faithfully recapitulated by the differences in processivity is unclear. Additional factors, such as competing E2s, are likely to play a role in E2-E3 pairing specificity in vivo and will be a subject of future studies. Pairing with a particular E2 does not necessarily result in E3 autoubiquitination. Some E2-E3 combinations may only support modification of the substrate. This may be the case for UBC17, which interacted with most of tested E3s. Its closest homologue in humans is UBE2W, which was shown to monoubiquitinate the N terminus of substrates priming them for Lys 63 -linked polyubiquitination by  UBE2N (54 -56) . Accordingly, UBC17 did not support autou-biquitination of PUB22 in vitro (Fig. 3C) . Nevertheless, the presence of PUB22 enhanced the levels of ubiquitin-bound UBC17, which depended on an intact U-box.
There is evidence that substrate ubiquitination is in some cases not the result of a single E2-E3 pair. Although UBC17, like its human homologue, may only monoubiquitinate substrates, several chain-building E2s, including Ube2N and UbeR1, are only capable of transferring their conjugated ubiquitin moiety to another ubiquitin molecule (57) (58) (59) . This indicates that there can be a "division of labor" among E2s in which one E2 initiates (or primes) chain synthesis and a second E2 builds and extends the polyubiquitin chain on a substrate (1) . The fact that PUB22 pairs both with E2s that are able to prime chain formation, such as group VI UBC30 or group VII UBC17, as well as the chain-elongating UBC35 and UBC36 (group XV), suggests that such a division of labor is in principle also possible for E2s interacting with PUB22.
Of note, our observations reveal that some PUB22-E2 pairings are dynamic and change in response to cellular status. Interaction with UBC30 was reduced, whereas PUB22 association to UBC26 and UBC35 was induced after activation of the immune response by flg22 ( Figs. 1C and 5, A-C) . These results therefore open the possibility that in addition to a division of labor, the catalytic properties of PUB22, as conveyed by the paired E2, change in response to altered cellular status, such as the activation of the immune response. In line with these results, under basal conditions PUB22 autoubiquitinates and mediates its degradation by the proteasome (8) . However, during the immune response phosphorylation by MAPK3 inhibits PUB22 oligomerization and autoubiquitination in trans. By contrast its substrate Exo70B2 is degraded via the vacuole, which commonly involves Lys 63 -linked chains (60 -62).
Within the tested U-box ligases most interacted with UBC35 ( Figs. 3A and 4 , A-C), suggesting a general role in the modification of substrates with Lys 63 chains. The exception was PUB13 that was reported to be involved in the regulation of receptor kinases (42, 63) . PUB13 interacted strongest with UBC5 ( Fig. 4D ). Although the function of UBC5 in plants is unknown, its closest homologue in humans, UBE2H, is active with MARCH E3s, which in analogy to PUB13, are involved in the regulation of plasma membrane proteins (64, 65) .
Although the requirements of Lys 63 chains for endocytosis in plants seems to vary between membrane proteins, they play a general function in sorting of endocytosed cargos into multivesicular bodies by the endosomal sorting complex required for transport (66) . The pairing of PUB22 with UBC35 and the enhanced signaling of PRRs observed in the pub22 pub23 pub24 mutant suggest a conserved function in the regulation of the endocytic degradatory pathway. Analyses of PRR-mediated responses in the ubc35 ubc36 double mutants showed that they partially phenocopied the pub22 pub23 pub24 triple mutant ROS burst ( Fig. 6, A-D) . Although this response was prolonged and the total production of ROS in ubc35 ubc36 increased, the initial peak was not higher than in WT plants, as shown for pub22 pub23 pub24 (10) , indicating differences between their functions. By contrast, ubc35 ubc36 mutants were more susceptible to bacterial infection (Fig. 6, E and F) . Immune responses triggered by PRRs include the production and secre-tion of toxic compounds, cell wall reinforcement or programmed cell death (67) . Enhanced susceptibility of ubc35 ubc36 mutants may therefore reflect impaired deployment of immune responses as compared with immune signaling.
It is important to appreciate that 37 E2s in Arabidopsis potentially cater for more than 1400 E3s. Hence, the inactivation of UBC35 and UBC36 is most likely to affect the function of a wide group of E3 ligases. This is supported by the fact that Lys 63 chains are the second most abundant (68) . As a matter of fact, ubc35 ubc36 display defects in iron homeostasis, auxin responses, and DNA repair, whereas additionally Lys 63 -linked chains are implicated in endocytosis and late transport into the vacuole via the endosomal sorting complex required for transport (66) . Moreover, as we have shown here, PUB22 interacts with various E2s that possess distinct catalytic properties and are located in different subcellular compartments. Therefore, from the perspective of the E3, inactivation of two of its E2 interactors can only result in the partial inhibition of its function. Finally, PUB22 and its homologues have different targets, which play distinct functions during the immune response and it is unlikely that all of them are modified by the same PUB22-E2 pair (16) . Together, our study illustrates the intricate in vivo E2-E3 interaction network while at the same time highlighting the biochemical complexity of ubiquitination.
Experimental procedures
Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0 was used in the BiFC and SLCA assays and as a control in oxidative burst measurement, disease resistance, and root growth inhibition assay. The pub22 pub23 pub24 triple mutant plants (SALK_07261, SALK_151594, and SALK_041046, respectively) and ubc35 ubc36 double mutant plants (CS851269 and SALK_047381) were described previously (10, 51) . Plants for protoplasts isolations, oxidative burst measurement, and disease resistance assay were grown for 4 -5 weeks in a phytochamber at 21°C in 8 h light (combination of cool white fluorescent and incandescent lamps, 250 mol/m 2 /s irradiance) and 16 h dark at 60% humidity, upon stratification for 3 days at 4°C in the dark. Protoplasts were isolated as described previously (69) .
BiFC assay
Constructs of WT PUB22 and PUB22 U-box in pE-SPYNE-GW (Myc-nYFP) were previously published (9), whereas C13A and W40A variants were cloned into pE-SPYNE-GW (70) via LR reaction (Invitrogen). E2s were cloned into pE-SPYCE-GW (HA-cYFP) via LR reaction (Invitrogen). Plasmids encoding either E2 or E3 were used for cotransfection with mCherry-expressing vector at final concentrations of 40 and 20 g ml Ϫ1 , respectively. Transformed protoplasts were incubated at 18°C for 16 h in the dark before the specified treatments were performed. For flg22 treatment (1 M), confocal microscopy analysis was conducted 1 h posttreatment, respectively. Confocal laser scanning microscope (CLSM) imaging with LSM780 (Zeiss) was performed with the following settings: YFP excitation, 488 nm, emission, 510 -560 nm; mCherry excitation, 594 nm, emission, 600 -640 nm. To analyze protein levels, protoplasts were pelleted (200 ϫ g, 2 min), flash-frozen in liquid nitrogen, and re-suspended in Laemmli sample loading buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.004% bromphenol blue). After denaturation (65°C, 20 min), samples were centrifuged (6000 ϫ g, 1 min) prior to protein gel blot analysis.
Dual reporter split luciferase assay
Plasmids carrying genes encoding selected E2s (UBC: 1, 5, 8, 9, 10, 11, 12, 17, 26, 28, 29, 30, and 35) or COP10 and E3s (PUB20, PUB22, PUB24, PUB4, PUB13, MIEL1, and AvrPtoB) were generated with the use of Golden Gate cloning (71) . Briefly, the expression vector encoding E2 protein with N-terminal cLuc or nLuc portions of Firefly Luc and HA-or Myc-tag also carried a gene-encoded Renilla Luc, and the expression of the E2 fusion protein and Renilla Luc protein was driven by separate 35S promoters. Genes encoding each of the selected E3 proteins were subcloned downstream to the N-terminal cLuc or nLuc portions of Firefly Luc and HA-or Myc-tag and expression of the E3 fusion protein was driven by the 35S promoter. Protoplasts were isolated from 5-week-old Col-0 plants and transformed with 50 g ml Ϫ1 of each construct. Transformed protoplasts were incubated at 18°C for 16 h in the dark before the specified treatments were performed. Treatment with flg22 (1-0.5 M) was conducted for 1 h. SLCA analyses were performed 1 day after transfection. Firefly Luc activity was assessed by adding 1 mM D-luciferin (Promega) substrate to the protoplasts solution and measuring the luminescence with a Tecan Spark multimode microplate reader (Tecan) at 550 -575 nm wavelength with a signal integration time of 2 s after 3 min incubation of the plate in the dark. Renilla Luc activity was assessed by adding 10 M ViviRen Live Cell substrate (Promega) to the protoplasts solution and measuring the luminescence with the microplate reader at 460 -500 nm wavelength with signal integration time of 2 s after 2 min incubation of the plate in the dark. The signal obtained from Firefly Luc activity was normalized to Renilla Luc readout to compensate for differences in the E2 expression levels resulting from uneven transfection rates between different samples. Protoplasts were subsequently pelleted and protein expression levels were analyzed as described above.
Site-directed mutagenesis and recombinant protein expression and purification
Generation of the substitutions at position 85 (C85A and C85K) of UBC30 was performed with the use of Phusion sitedirected mutagenesis kit (Thermo Scientific). The cloning of PUB22 into pMal-c2X vector (New England Biolabs), expression of the MBP-PUB22 in Escherichia coli Rosetta 2(DE3) pLysS and its purification by affinity chromatography using amylose resin (New England Biolabs) was previously described (8) . UBA1 and genes encoded the selected E2s (UBC: 1, 5, 8, 9, 10, 11, 12, 17, 26, 28, 29, 30, 35) or MMZ4 were cloned into pENTR/D-TOPO (Invitrogen) entry clone and used for cloning into pDEST17 Gateway vector (Thermo Fisher Scientific) for His-tagged protein expression via LR reaction (Invitrogen). Recombinant His-tagged proteins were expressed in E. coli BL21(DE3) and purified using Ni-Ted resin (Macherey-Nagel).
Multi-tiered E2-E3 pairing In vitro autoubiquitination assay
In vitro autoubiquitination assay of freshly purified MBP-PUB22 was performed with the use of purified E1 and E2 proteins stored at Ϫ80°C. Each 30-l reaction mixture contained 0.02 g of His-UBA1, 0.03-0.09 g of His-E2, 0.04 g of His-MMZ4 (in case of His-UBC35 reaction), and 0.15 g of MBP-PUB22 in ubiquitination buffer (40 mM Tris-HCl, pH 7.4, 5 mM MgCl 2 , 50 mM KCl, 2 mM ATP, 1 mM DTT, and 60 g of ubiquitin from bovine erythrocytes (Sigma) or 0.6 g of fluorescein (FITC)-labeled ubiquitin (UBPBio)). The reactions were incubated at 30°C for the indicated time and terminated by addition of Laemmli sample loading buffer and incubating for 20 min at 65°C. The proteins were resolved by 7% SDS-PAGE followed by detection of the ubiquitinated PUB22 by immunoblotting.
Immunoblot analysis and antibodies used in this study
Protein samples were analyzed on 7 or 12% bis-acrylamide Tris glycine SDS-PAGE. Following the separation on SDS-PAGE and blotting on polyvinylidene difluoride membranes (GE Healthcare), immunoblot analyses were performed with the following antibodies: anti-c-Myc 1:5000 (Sigma; catalog number C3956), anti-GFP 1:3000 (Santa Cruz Biotechnology; catalog number Sc-8334), anti-ubiquitin P4D1 1:5000 (Santa Cruz Biotechnology; catalog number Sc-8017), anti-MBP 1:1000 (Sigma; catalog number M1321), anti-His 1:10,000 (MACS; catalog number 120-003-811), and anti-luciferase 1:5000 (Sigma; catalog number L0159). The anti-PUB22 antibody was developed against the C-terminal peptide RVWRE-SPCVPRNLYDSYPA (Thermo Fisher Scientific) and used at 1:1000 dilution.
Oxidative burst measurement
Leaf discs (0.125 cm 2 ) of 4-week-old plants were incubated overnight in water in a 96-well titer plate, with one leaf disc per well. ROS produced by leaf discs were measured with a luminolbased assay (20 g ml Ϫ1 of horseradish peroxidase and 30 g ml Ϫ1 of luminol). Luminescence is shown in relative light units and was measured with a Tecan Spark multimode microplate reader after a 1-min incubation of the plate in the dark, with signal integration time of 1 s over 1 min.
Bacterial infection assay
Six plants per each genotype were spray-inoculated with a solution of P. syringae pv tomato as described (52). Briefly, Pst were streaked out on Kings B media, grown for 2 days at 28°C, and subsequently resuspended in water to a final concentration of 5 ϫ 10 8 colony-forming units ml Ϫ1 followed by addition of 0.04% (v/v) Silwet L-77 (Lehle Seeds). Bacterial growth in leaf discs excised from leaves (1 leaf per each plant) collected from 6 plants per each genotype was measured 3 days after inoculation. Upon grinding of the tissue, the samples were vortexmixed, diluted serially, and plated on LB agar supplemented with 50 g ml Ϫ1 of rifampicin and 50 g ml Ϫ1 of kanamycin, and incubated for 2 days at 28°C, after which the colony-forming units were counted.
Root growth inhibition assay
T3 generation homozygous seeds were surface-sterilized and stratified for 3 days at 4°C on 0.5 ϫ MS agar (Duchefa) supplemented with 0.1% sucrose. Seedlings were grown vertically for 5 days under short-day conditions (8 h light/16 h dark). Seedlings were then transferred onto solid 0.5 ϫ MS medium containing 0.1% sucrose supplemented with 1 M flg22 or the vehicle (DMSO) and grown vertically for another 7 days. Length of the main root was then scored and measured using ImageJ software. 
